Introduction {#sec1}
============

The hepatic asialoglycoprotein receptor (ASGPR), also known as the Ashwell Morell receptor, is a well-characterized membrane-bound lectin receptor, responsible for removing desialylated glycoproteins from circulation through receptor-mediated endocytosis (RME).[@bib1], [@bib2] This hepatocyte-specific receptor is highly expressed and conserved from rodents to human and is comprised of the highly homologous major (ASGPR1) and minor (ASGPR2) subunits. Each subunit consists of a cytosolic *N*-terminal domain, a single transmembrane segment, a stalk domain, and a Ca^2+^-dependent carbohydrate recognition domain (CRD) at the C terminus.[@bib1], [@bib3], [@bib4] The CRD is known to mediate binding of non-reducing terminal β-D-galactose or *N*-acetylglactosamine (GalNAc) residues with high affinity.[@bib5], [@bib6] Previous reports investigating the ASGPR have shown a receptor recycling time of approximately 10--15 min in human cells,[@bib7], [@bib8] a finding consistent with a second dose of GalNAc-siRNA being available for uptake within 10 min of the first dose in rodents.[@bib9] The receptor's ability to facilitate multiple rounds of glycoprotein uptake and clearance, coupled with its ligand specificity, has enabled its use for liver-directed delivery of a wide range of compounds, including small molecules, multi-component systems (e.g., lipid nanoparticles and polymers) and oligonucleotides.[@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16]

We have developed a strategy for targeted delivery of RNAi therapeutics to liver parenchyma based on covalent conjugation of a synthetic trivalent *N*-acetylgalactosamine ligand to chemically modified, metabolically stable siRNA.[@bib9] The GalNAc ligand is designed to bind to the ASGPR with high specificity and affinity, thereby triggering hepatocyte-specific uptake of conjugates, as previously reported using an isolated primary hepatocyte system.[@bib9] This approach has now been validated for a host of RNAi-based therapeutics in pre-clinical models[@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22] and, importantly, has demonstrated successful translation in human clinical trials.[@bib10], [@bib12], [@bib14] As such, similar targeted delivery strategies have been widely adopted for a variety of nucleic acid therapeutics, including antisense oligonucleotides (ASOs)[@bib13], [@bib16] and anti-microRNAs (anti-miRs).[@bib16], [@bib23]

To support broad application of the GalNAc conjugate platform, it is essential to advance our understanding of the variables associated with this ligand/receptor system, among them, inter-individual receptor levels and receptor expression in relevant disease settings. ASGPR expression has been clinically correlated to reduced hepatic function in patients diagnosed with liver diseases such as cirrhosis and cancer,[@bib24], [@bib25], [@bib26], [@bib27], [@bib28] and reduced receptor expression in rodents has been associated with decrease in clearance of exogenous desialylated glycoproteins.[@bib3], [@bib28]

Here, we investigated the impact of reduced ASGPR expression on the pharmacokinetics (PK) and pharmacodynamics (PD) of GalNAc-siRNA conjugates in several reported rodent models with reduced ASGPR expression. The first model implements a germline deletion of *Asgr2* in mice that leads to the loss of functional ASGPR2 and destabilization of ASGPR1, thereby yielding reduced but measureable levels of ASGPR1 at the cell surface.[@bib3], [@bib29] Two additional pre-clinical models of liver injury, developed in part to be representative of specific human liver pathologies, were also investigated. Specifically, we employed a rodent model of alcoholic liver disease (ALD), whereby reduced binding capacity for ASGPR specific ligands[@bib30] via significant reduction of *Asgr1/2* expression are achieved upon prolonged ethanol (EtOH) exposure.[@bib31] In addition, we also utilized rats treated with the barbiturate, phenobarbital (PB), which has been reported to downregulate ASGPR expression.[@bib32]

The results herein demonstrate that, despite a substantial reduction in ASGPR expression, GalNAc-siRNA conjugate activity is preserved. This is in good agreement with in silico modeling that suggests this high-affinity GalNAc ligand/receptor system has sufficient capacity to maintain adequate uptake and activity of potent GalNAc-siRNA conjugates under simulated conditions of significantly reduced ASGPR levels. Taken together, these data confirm the broad therapeutic potential for targeted oligonucleotide delivery using GalNAc conjugate technology, including hepatic disease settings with potentially reduced receptor expression.[@bib33], [@bib34], [@bib35]

Results {#sec2}
=======

GalNAc-siRNA Retains Potency in a Rodent Model with Reduced ASGPR Levels {#sec2.1}
------------------------------------------------------------------------

The impact of reduced functional ASGPR on GalNAc-siRNA conjugate uptake and efficacy was first assessed in the *Asgr2* knockout mouse line (*Asgr2*^−/−^). Detection of membrane-bound ASGPR1 in *Asgr2*^−/−^ mouse livers was found to be approximately 40% of the levels observed in wild-type (WT) animals ([Figure 1](#fig1){ref-type="fig"}A), consistent with previous reports.[@bib3], [@bib36]Figure 1GalNAc-siTTR Retains Potency in *Asgr2*^−/−^ Animals(A) Membrane-bound ASGPR1 protein expression normalized to an LRP1 loading control was quantified in both WT and *Asgr2*^−/−^ animals (n = 2 animals per group) Representative blot shown (left). (B) *Ttr* gene expression in liver or (C) circulating TTR protein levels were measured after a single subcutaneous dose of GalNAc-siTTR or with a PBS control in either WT mice or *Asgr2*^−/−^ animals. *Ttr* gene expression was normalized to *Gapdh* and is depicted as a percent of the PBS control group (n = 2 animals per group).

To determine whether the reduction and loss of ASGPR1 and ASGPR2, respectively, resulted in a loss of conjugate potency in vivo, liver *Ttr* transcript and circulating serum TTR levels were assessed in WT and *Asgr2*^−/−^ mice 96 hr post- a single subcutaneous (s.c.) dose of GalNAc-siTTR at 1, 5, 25, or 125 mg/kg ([Figures 1](#fig1){ref-type="fig"}B and 1C). Comparable, dose-dependent reductions in *Ttr* mRNA and circulating serum TTR were observed in both *Asgr2*^−/−^ and WT animals.

In order to validate that the retention of GalNAc-siTTR activity observed in *Asgr2*^−/−^ mice was mediated by residual ASGPR1 function, ASGR1 expression was ablated in *Asgr2*^−/−^ mice through an ASGPR-independent delivery mechanism.[@bib37] Animals were dosed intravenously with an *Asgr1*-targeting siRNA or a non-targeting control siRNA formulated in a lipid nanoparticle (LNP-siASGR1 or LNP-siControl, respectively) at a single dose of 1 mg/kg. Loss of residual ASGPR1 expression following LNP-siASGR1 administration was confirmed by western blot ([Figures 2](#fig2){ref-type="fig"}A and 2B). Mice dosed with either LNP-siASGR1 or LNP-siControl were then administered a single SC dose of GalNAc-siTTR at 0.2, 1, or 5 mg/kg, previously established to yield ∼20%, 50%, and 80% TTR protein suppression, respectively. As expected, dose-dependent serum TTR protein suppression was observed in *Asgr2*^−/−^ animals previously administered with the LNP-siControl. By contrast, animals whose ASGPR1 levels were ablated by pre-treatment with LNP-siASGR1 demonstrated no significant reduction in circulating TTR levels ([Figure 2](#fig2){ref-type="fig"}C).Figure 2Uptake of GalNAc-siRNA Conjugates Is ASGPR MediatedAnimals were administered a single dose of LNP-siASGR1 or LNP-siControl prior to a single SC dose of GalNAc-siTTR or PBS control. Animals were sacrificed 96 hr post-conjugate-dose for analysis. (A) Western blot and (B) corresponding protein quantitation evaluating ASGR1 expression in livers collected from *Asgr2*^−/−^ animals (n = 2 animals per group). (C) Circulating TTR levels were normalized to each individual animal's pre-dose levels (n = 4 animals per group). Bars are the group average and error bars represent SEM.

To confirm that GalNAc-siRNA conjugates were specifically targeted to hepatocytes versus other liver cell populations including endothelial and kupffer cells, a ^125^I radiolabeled GalNAc-siRNA conjugate containing similar chemistry to GalNAc-siTTR2[@bib9] was dosed s.c. at 5 mg/kg in C57BL/6 WT mice. Sixty minutes post-dose, livers were collected, and hepatocytes, endothelial cells, and kupffer cells were isolated to quantify the amount of radiolabeled GalNAc-siRNA conjugate uptake within each cell population. As shown in [Figure S1](#mmc1){ref-type="supplementary-material"}, the GalNAc-siRNA conjugate was overwhelmingly detected in the hepatocyte population consistent with ASGPR-mediated uptake.

Pharmacokinetic Evaluation of GalNAc-siTTR Reveals a Threshold for Receptor-Mediated Uptake in *Asgr2*^−/−^ Mice {#sec2.2}
----------------------------------------------------------------------------------------------------------------

To further characterize this model of reduced ASGPR expression and to determine the capacity of the receptor/ligand system in both *Asgr2*^−/−^ and WT mice, plasma, and liver levels of GalNAc-siTTR were quantified after a single SC dose of 1, 5, 25, or 125 mg/kg. At doses of 25 mg/kg and greater, the siRNA concentrations in livers of WT mice were higher than those observed in *Asgr2*^−/−*−*^ animals ([Figure 3](#fig3){ref-type="fig"}A). Consistent with the reduction in receptor-mediated liver uptake, plasma siRNA levels in *Asgr2*^−/−^ animals were approximately 2- to 4-fold higher relative to WT animals at 1 hr post-dose ([Figure 3](#fig3){ref-type="fig"}B). Collectively, these results indicate that GalNAc-siRNA uptake in *Asgr2*^−/−^ mice is less than dose proportional at dose levels ≥25 mg/kg, suggesting that receptor levels are limiting at higher doses.Figure 3Conjugate Uptake Is Reduced at Dose Levels \>5 mg/kg in *Asgr2*^−/−^ AnimalssiRNA conjugate concentrations in WT or *Asgr2*^−/−^ animals after a single subcutaneous dose of GalNAc-siTTR or PBS control. siRNA levels were determined using stem loop qPCR in (A) liver collected 96 hr post-dose or (B) 1 hr post-dose detected in plasma (n = 2 animals per group). Liver siRNA concentration is depicted as nanogram per gram (ng/g) of liver. Circulating siRNA is depicted as nanogram per milliliter (ng/mL) of plasma. (C) Schematic of the receptor/ligand binding and internalization model used to evaluate the impact of receptor concentration on hepatic uptake of GalNAc-siRNA. Bars are the group average, and error bars represent SEM. (D and E) Simulated data from the receptor/ligand model predicting the fraction of total GalNAc-siRNA internalized by hepatocytes over time at varying levels of ASGPR concentration when administered at 1 mg/kg (D) or 25 mg/kg (E). Assumptions: K~d~ = 2 nM; k~on~ = 1 × 10^5^ M^−1^\*s^−1^; k~off~ = 2 × 10^−4^ s^−1^; k~int~ = 1 × 10^−3^ s^−1^; C~max~ (1 mg/kg) = 10 nM; C~max~ (25 mg/kg) = 500 nM; WT ASGPR concentration = 600 nM.[@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43] Plasma concentrations somewhat differ for certain molecules, however, the estimates are that 10 and 500 nM were ∼1--2 and ∼25 mg/kg.

In an effort to better understand the relationship between ASGPR expression/concentration and hepatic GalNAc-siRNA uptake, an in silico model was developed to evaluate the impact of receptor level on uptake kinetics ([Figure 3](#fig3){ref-type="fig"}C). The model incorporates previously described physical properties, including rate constants, receptor/ligand affinities and receptor concentration.[@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43] Simulations were performed at two different siRNA conjugate concentrations, 10 and 500 nM ([Figures 3](#fig3){ref-type="fig"}D and 3E), to reflect the approximate maximal plasma concentration, C~max~, following single administration of approximately 1 and 25 mg/kg GalNAc-siRNA, respectively. In all simulations, binding affinity (K~d~), the rate constants of binding and dissociations (k~on~ and k~off~, respectively), and the ligand internalization rate constant (k~int~) were held constant (see the legend of [Figure 3](#fig3){ref-type="fig"}). In addition to ligand (siRNA conjugate) concentration, the only additional variable parameter was ASGPR concentration. Because the simulations were performed at different concentrations of ligand, the levels of uptake are expressed as fractional values of the total input to allow for comparison. At 10 nM (C~max~ at ∼1--2 mg/kg), the model predicts that a reduction of ASGPR from 600 nM to 60 nM has relatively little impact on the fractional rate of conjugate uptake ([Figure 3](#fig3){ref-type="fig"}D). By contrast, simulations at 500 nM GalNAc-siRNA (C~max~ at ∼25 mg/kg) predict the fractional rate of uptake is much more sensitive to ASGPR concentration ([Figure 3](#fig3){ref-type="fig"}E). These simulations are consistent with the in vivo results described above and suggest that changes in receptor concentration alone are sufficient to explain the impact on siRNA PK in liver and plasma in animals with reduced ASGPR levels. Further, the simulations provide a mechanistic explanation for this observation. Even at the lowest ASGPR concentration evaluated (60 nM), the receptor/ligand affinity (K~d~ ∼2 nM) is sufficiently high to promote nearly complete binding at 10 nM ligand concentration (1 mg/kg dose). However, at 500 nM ligand (∼25 mg/kg), the receptor concentration becomes limiting, thereby requiring multiple rounds of uptake by the receptor. In this scenario, the rate of uptake depends on the rate of receptor/ligand internalization and receptor recycling.

GalNAc-siRNA Conjugates with Poor Potency Lose Activity in *Asgr2*^−/−^ Settings {#sec2.3}
--------------------------------------------------------------------------------

The collective in vivo PK and PD results in *Asgr2*^−/−^ mice and in silico modeling data suggested that the capacity of the system in the context of reduced receptor expression becomes rate-limiting at higher doses. Hence, GalNAc-siRNA conjugates with lower potency that require dose levels above 5 mg/kg to reach maximum knockdown would be expected to exhibit reduced in vivo efficacy. To test this hypothesis, we evaluated the activity of two conjugates, GalNAc-siTTR2 and GalNAc-siApoB, with known ED~50-80~ values of ≥25 mg/kg in WT mice owing to early generation chemistry.[@bib9] As seen in [Figure 4](#fig4){ref-type="fig"}A, a single 25 mg/kg SC dose of GalNAc-siTTR2 (ED~80~) in *Asgr2*^−/−^ animals demonstrated reduced activity as compared to WT at the same time point. Similarly, GalNAc-siApoB dosed at 75 mg/kg (ED~50~) in WT mice resulted in no measurable target knockdown in the *Asgr2*^−/−^ animals at this dose level ([Figure 4](#fig4){ref-type="fig"}B).Figure 4GalNAc-siRNA Molecules with Poor Potency Show Reduced Activity in the *Asgr2*^−/−^ AnimalsC57BL/6 or *Asgr2*^−/−^ mice were dosed with a single subcutaneous dose. Relative hepatic gene expression was measured 48 hr post-dose. (A) Animals received a 25 mg/kg dose of GalNAc-siTTR2 or PBS control. Hepatic *Ttr* gene expression was normalized to *Gapdh* and is depicted as a percent of the PBS control group for each animal strain (n = 4 for each group). (B) Animals received a 75 mg/kg dose of GalNAc-siApoB or PBS control. Hepatic *Apob* gene expression was normalized to *Gapdh* and is depicted as a percent of the PBS control group for each animal strain (n = 5 per group). Bars are the group average, and error bars represent SEM.

GalNAc-siRNA Conjugates Retain Activity in Pre-clinical Liver Injury Models with Reduced Levels of Both ASGPR Subunits {#sec2.4}
----------------------------------------------------------------------------------------------------------------------

To investigate the impact of more clinically relevant disease states on GalNAc-siRNA activity, two rodent models that recapitulate impaired ASGPR expression were identified, including an EtOH-induced mouse liver injury (Lieber-DeCarli) model[@bib30], [@bib31] and a chemically induced PB rat liver injury model.[@bib32]

WT mice that were provided a liquid EtOH diet (36% of total caloric intake) ad libitum for 7 weeks demonstrated an approximately 2-fold reduction of each *Asgr* transcript relative to mice provided a liquid control diet ([Figure 5](#fig5){ref-type="fig"}A), consistent with previously published results.[@bib30] To evaluate the impact of GalNAc-siRNA activity under these conditions, a single SC dose of GalNAc-siTTR at 2.5 mg/kg was administered, and TTR mRNA levels were quantified. Activity of the GalNAc-siTTR conjugate was retained in liquid EtOH-fed mice despite a 50% reduction in *Asgr1* and *Asgr2* mRNA expression ([Figure 5](#fig5){ref-type="fig"}A).Figure 5Retention of siRNA-GalNAc Conjugate Activity in Liver Disease Models(A) C57BL/6 mice were provided Lieber-DeCarli oral liquid diet or control liquid diet ad libitum. Mice on either diet received a single SC dose of GalNAc-siTTR. Animals were sacrificed 96 hr post-dose; *Asgr1*, *Asgr2*, and *Ttr* liver mRNA levels were normalized to a ubiquitous control gene, *Gapdh*. *Asgr1* and *Asgr2* values are depicted as a percent of PBS-treated animals fed control diet, whereas percent TTR levels are depicted as percent of PBS control on Lieber-DeCarli diet (n = 3 per group). (B) Retention of GalNAc-siTTR conjugate activity in phenobarbital-induced liver injury model. Sprague-Dawley rats treated with or without phenobarbital received a single subcutaneous dose of GalNAc-siTTR. Animals were sacrificed 96 hr post-dose where gene expression of *Asgr1*, *Asgr2*, and *Ttr* in rat liver was determined using qPCR. *Asgr1*, *Asgr2*, and *Ttr* gene expression normalized to a ubiquitous control gene, *Gapdh* (n = 3 per group). *Asgr1* and *Asgr2* levels are depicted as a percentage of the non-phenobarbital-treated animals, and *Ttr* levels are depicted as a percentage of the PBS control animals with phenobarbital treatment. Bars are the group average, and error bars represent SEM.

Comparable results were observed in a second model of liver injury. A 30%--40% reduction in *Asgr1* and *Asgr2* transcript levels was observed in rats induced with four daily IP injections of the hepatic carcinogen, PB, findings consistent with the published data.[@bib32] Equivalent levels of target knockdown were observed 96 hr after a single SC dose of GalNAc-siTTR at 2.5 mg/kg in the absence or presence of PB induction ([Figure 5](#fig5){ref-type="fig"}B).

Conjugate Potency Is Retained in a Pre-clinical Model of Liver Fibrosis {#sec2.5}
-----------------------------------------------------------------------

Although ASGPR levels have been examined in advanced liver disease states such as cirrhosis and liver cancer, evaluation of fibrotic livers where liver architecture is altered has not yet been assessed. To this point, we examined the ASGPR levels in human and mouse fibrotic liver samples and evaluated conjugate activity in a pre-clinical model of Alpha-1 antitrypsin associated liver disease (AATD). Alpha-1 antitrypsin (AAT) is an abundant plasma protein primarily synthesized and secreted by hepatocytes. The most common mutation causing AAT deficiency, Z-AAT, results in mis-folding, polymerization, and accumulation of AAT protein in hepatocytes, causing a fibro-inflammatory liver disease. This fibro-inflammatory disease results in liver fibrosis that can ultimately advance to liver cirrhosis and hepatocellular carcinoma.[@bib44], [@bib45] AATD patients and transgenic (Tg-PiZ) mouse livers expressing the human Z-AAT were compared to normal healthy humans and mice, respectively ([Figures 6](#fig6){ref-type="fig"}A and 6B). ASGPR expression levels as assessed by immunohistochemical staining were similar in hepatocytes, even in areas next to fibrotic zones ([Figure 6](#fig6){ref-type="fig"}A). As expected, the Tg-PiZ mice also showed an increase in fibrotic markers like collagen1a1 (*Col1a1*) when compared to WT controls ([Figure 6](#fig6){ref-type="fig"}C). Despite the presence of fibrotic tissue ([Figures 6](#fig6){ref-type="fig"}A--6C), conjugate activity was retained in Tg-PiZ animals as monitored by RNAi activity of GalNAc-TTR siRNA. These data indicate that in fibrotic livers, GalNAc-siRNA conjugates can be taken up by hepatocytes and elicit the desired target gene knockdown effect ([Figure 6](#fig6){ref-type="fig"}D).Figure 6ASGPR Activity Is Retained in a Fibrotic Model(A) Immunohistochemical staining of liver sections from normal or PiZZ patients. Red, ASGPR1/2 staining; blue, DAPI staining for nucleus. (B) ASGPR levels in Tg-PiZ mice as detected by immunohistochemical staining. Red, ASGPR1/2 staining; blue, DAPI staining for nucleus. (C) mRNA levels of fibrotic marker collagen1a1 (*Col1a1*), normalized to housekeeping gene *Gapdh* in mouse livers. (D) *Ttr* levels after 1.5 mg/kg single dose of GalNAc-siTTR in WT and Tg-PiZ mice (n = 3--5). Bars are the group average, and error bars represent the SD.

Discussion {#sec3}
==========

Hepatocyte-specific delivery of therapeutics for the treatment of liver-expressed disease targets has been enabled by recent advances in the GalNAc conjugate platform, supporting the clinical development of several nucleic acid-based therapeutics, including GalNAc-siRNAs.[@bib11], [@bib12], [@bib14], [@bib15], [@bib22], [@bib46], [@bib47] In this report, we investigate the performance of a GalNAc-siRNA conjugate across several pre-clinical models of compromised ASGPR expression.

Deletion of *Asgr2*^−/−^ in mice has been reported to result in loss of functional ASGR2, as well as a destabilization of ASGR1 that leads to reduced (40% of WT) levels of ASGR1 at the cell surface.[@bib3] Despite this diminished receptor expression, potent GalNAc-siRNA conjugates retained efficacy in this model. To confirm that the observed activity was mediated by residual ASGPR1, we utilized LNP-delivered siRNA to effectively silence *Asgr1*. Ablation of ASGR1 expression in the context of *Asgr2*^−/−^ animals resulted in a complete loss in GalNAc-siRNA activity. These data confirm that GalNAc-siTTR liver uptake was specifically mediated through the ASGPR, with subunit ASGR1 being critical for efficient conjugate delivery.

Evaluation of GalNAc-siRNA PK in *Asgr2*^−/−^ mice demonstrate receptor saturation at dose levels \>5 mg/kg, as evidenced by an increase of circulating GalNAc-siTTR plasma levels and lower liver levels relative to WT animals. These data suggest that despite severely compromised receptor expression in ASGR2 null mice, residual ASGR1 receptor capacity is not limiting for efficient uptake of conjugates at pharmacologically relevant doses (≤5 mg/kg). However, at dose levels greater than 5 mg/kg, the efficiency of conjugate uptake in hepatocytes of *Asgr2*^−/−^ animals decreases due to receptor saturation. An in silico model of receptor/ligand binding and uptake reproduces this observation and suggests that reduced ASGPR expression, as the lone variable is sufficient to account for this effect. Further, the model provides a mechanistic explanation for this finding. In short, given the relatively high affinity for the GalNAc ligand, ASGPR retains the capacity to efficiently bind and internalize GalNAc-siRNA, provided GalNAc-siRNA concentration is less than ASGPR receptor concentration. This would suggest that full therapeutic activity will be retained in a setting of reduced ASGPR expression, provided the required therapeutic dose levels remain below this ASGPR concentration "threshold" limit. This is further supported by the evaluation of two low-potency GalNAc-siRNA molecules that demonstrated either a reduction or complete loss of target silencing in *Asgr2*^−/−^ animals. To this end, it is vital to maximize intrinsic potency of the siRNA to collectively reduce hepatic exposure and subsequent dose level required for therapeutic efficacy.

Evidence of reduced ASGPR in human subjects, as assessed by either immunohistochemistry of liver biopsies or an increase in serum glycoproteins, have been reported in certain disease settings, including congestive heart failure, alcoholic cirrhosis, Laennec's cirrhosis, biliary cirrhosis, as well as in patients with hepatic neoplasms and hepatocellular carcinoma.[@bib24], [@bib28], [@bib33] Here, we evaluated whether reduced receptor levels have a consequence on GalNAc-siRNA activity using pre-clinical disease models that represent the potential clinical experience of variable receptor expression. Data generated in two pre-clinical liver disease models (EtOH and PB-induced receptor reduction)[@bib32], [@bib48] demonstrated full retention of GalNAc-siTTR conjugate activity despite 30%--50% receptor reduction, indicating the potential application of GalNAc-siRNA even in disease settings that may have lower receptor levels.

Additional characterization of ASGPR expression in diseases with liver pathology is essential as we continue to investigate the broad application and development of the ASGPR-mediated drug delivery platform. To this end, we assessed ASGPR levels in fibrotic liver samples from AAT-PiZZ patients and a Tg-PiZ fibrotic mouse model. PiZZ patients with AATD develop liver fibrosis, as shown by an increase in hepatic fibrotic areas or with an increase in mRNA levels for fibrotic markers like *Col1a1.*[@bib49] ASGPR levels were found to be similar to normal healthy livers, even in livers that showed severe fibrosis. Further, retention of conjugate efficacy was observed in the Tg-PiZ model even in the presence of altered liver architecture. These results suggest that potent GalNAc-conjugated siRNAs should be functional in the context of AAT-PiZZ fibrotic livers.

In summary, we demonstrate in a number of genetically and chemically induced pre-clinical models of compromised receptor expression that conjugate potency is both receptor specific and robust. Importantly, the collective data highlight the need for continued development of highly potent GalNAc conjugates, specifically those with therapeutic dose levels that fall below saturation of available ASGPR capacity. Together, these data provide mechanistic insight and guidance for the continued development of GalNAc-siRNA technology and support its broad clinical application for hepatic targeting, including disease states where receptor expression may be compromised.

Materials and Methods {#sec4}
=====================

siRNA Synthesis {#sec4.1}
---------------

All oligonucleotides were prepared as described in Nair et al.[@bib9]

Animal Studies {#sec4.2}
--------------

All procedures using mice were conducted by certified laboratory personnel using protocols consistent with local, state, and federal regulations. Experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC), the Association for Assessment and Accreditation of Laboratory Animal Care International (accreditation number: 001345), and the Office of Laboratory Animal Welfare (accreditation number: A4517-01). All WT control animals were randomly assigned to cages upon facility arrival. For each study, control animals were selected to age and gender match those selected from the colonies of the *Asgr2*^−/−^ or Tg-Piz colonies or those with induced liver injury. When deciding on sample numbers for animal studies, we determined the final number required to be one that would allow for confidence in the resulting dataset utilizing the least number of animals, as required in accordance with IACUC guidelines. *Asgr2*^−/−^ animals from the in-house colony were chosen based on age ranging from 6 to 12 weeks and randomly assigned to each group. WT C57BL/6 or *Asgr2*^−/−^ animals were dosed s.c. with GalNAc-siTTR at doses of 1, 5, 25, or 125 mg/kg or PBS control for the studies described, with animals being sacrificed 96 hr post-dose. Additionally, *Asgr2*^−/−^ animals were dosed intravenously with LNP-siASGR1 or LNP-siControl based on body weight with animals receiving 10 μL per gram. Eleven days following the LNP-siRNA injections, the animals were dosed s.c. with 1, 2.5, or 5 mg/kg of GalNAc-siTTR or PBS control. Finally, *Asgr2*^−/−^ or WT C57BL/6 control animals were dosed with PBS control, GalNAc-siTTR2 at 25 mg/kg, or GalNAc-siApoB at 75 mg/kg. Animals were scarified 48 hr after the final dose. Tg-PiZ mice were obtained from St. Louis University. Tg-PiZ mice received a single, s.c. dose of 1.5 mg/kg of GalNAc-siTTR.

Pharmacokinetic Analysis {#sec4.3}
------------------------

C57BL/6 female mice, aged 6--8 weeks, acquired from Charles River Laboratories, were administered GalNAc-siTTR conjugates s.c. with a volume of 10 μL per gram of body weight at dose levels of 1, 5, 25, or 125 mg/kg. Animals from each study group were sacrificed at desired time points to harvest plasma and liver samples for analysis. Mice were perfused with saline following blood collection and prior to organ harvest. GalNAc-siTTR plasma and liver levels were quantified via stem loop RT-qPCR. In short, aliquots of liver tissue (frozen, powdered) were reconstituted to 100 mg/mL or plasma diluted 10-fold in PBS with 0.25% Triton X-100 and lysed by boiling. The resulting supernatant subsequently was utilized to generate antisense specific cDNA using a sequence-specific stem loop cDNA primer. Antisense strand levels were read using a sequence-specific Taqman assay and a Light cycler 480 system (Roche). siRNA concentration was determined by extrapolation from the standard curves generated by spiking the various concentrations of the synthetic siRNAs into the naive tissue and processed as described above. The lower limit of quantification (LLOQ) for plasma and liver were ∼0.005 ng/mL and ∼0.1 ng/g, respectively, for siTTR conjugates. Sequence-specific primers used in the stem loop qRT-PCR assay include the following oligonucleotides listed 5′ to 3′: stem loop (GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAACA), forward primer (TCGTTATAGAGCAAGAACACT), universal primer (GTGCAGGGTCCGAGGT), and probe ((6-FAM)-CTGGATACGACAAAACA-(MGB)-(NFQ)).

EtOH-Diet Mouse Model {#sec4.4}
---------------------

WT C57BL/6 mice were acquired at 5 weeks of age and were randomized on arrival. Mice were provided Lieber-DeCarli oral liquid diet (5% by volume EtOH = 36% of total calories) or control liquid diet (matched liquid diet composition, 0% EtOH), ad libitum for 5 weeks (maintenance phase). Twenty-four hours post-completion of the maintenance phase, mice received a single s.c. dose of GalNAc-siTTR at 2.5 mg/kg. Animals were sacrificed 96 hr post-dose, and livers were analyzed by qPCR for *Asgr1*, *Asgr2*, and *Ttr* expression.

PB-Induced Liver Injury Model {#sec4.5}
-----------------------------

Four daily intraperitoneal injections of PB were administered to Sprague-Dawley rats (Induction Phase). Twenty-four hours following the final PB administration, rats were dosed a single s.c. dose with either 2.5 mg/kg of GalNAc-siTTR or PBS control. Animals were sacrificed 96 hr post-dose, and livers were analyzed by qPCR for *Asgr1*, *Asgr2*, or *Ttr* expression. Target gene expression was normalized to a ubiquitously expressed housekeeping gene, specifically, *Gapdh.*

Measuring Gene Expression {#sec4.6}
-------------------------

Gene expression was measured with either a hybridization based assay from Affymetrix as previously described[@bib18] or with RT-qPCR. For RT-qPCR analysis, RNA was isolated from samples using the QIAGEN RNAeasy kit following the manufacturer's instructions. RNA concentrations were determined using a Nanodrop spectrophotometer (Thermo Fisher Scientific). The RNA concentrations were adjusted to 25 ng/μL, where 250 ng RNA was then used to make cDNA using a Reverse Transcription kit from Applied Biosystems (catalog number 4368814). All probes for RNA quantification were acquired from Life Technologies utilizing their Taqman gene expression system. Target gene expression was normalized to the *Gapdh* ubiquitous control in each well utilizing a dual label system. Cp values were measured using a Light Cycler 480 (Roche).

Circulating Serum Transthyretin Levels {#sec4.7}
--------------------------------------

Serum samples were diluted 1:4,000 (mouse) and assayed using a commercially available kit (catalog number 41-PALMS-E01) from ALPCO for specific detection of mouse Prealbumin transthyretin as per manufacturer's instructions. Protein concentrations (μg/mL) were determined by using a purified TTR protein standard prepared in-house.

Immunoblotting {#sec4.8}
--------------

Cells were lysed in RIPA buffer (125 mM Tris HCl, 150 mM NaCl, 0.1% NP-40, 1.0% sodium deoxycholate, 1.0% SDS \[pH 7.6\]) containing ROCHE protease cocktail phosphatase inhibitors (Sigma Aldrich 4693159001) at the manufacturer's recommended concentrations. Lysates were loaded onto 10- or 15-well 4%--20% Mini-PROTEAN TGX Precast gradient gels (Bio-Rad, product number 456-1096). The proteins were transferred to a PVDF membrane using the Bio-Rad wet transfer apparatus for 30 min at 90 V or the iblot system from Invitrogen according to the manufacturer's protocol. PDVF membranes were incubated for 1 hr in odyssey blocking buffer (LI-COR Biosciences cat\# 927-40000). The primary antibodies acquired from Abcam, anti-ASGR1 (ab49355) and anti-LRP1 (ab28320), were used at the recommended concentrations. PVDF membranes were then imaged using the Li-Cor Odyssey.[@bib50] Infrared detection quantitated each band on an individual pixel basis using western analysis tools in the Image Studio program.[@bib50]

Membrane Isolation {#sec4.9}
------------------

Livers were snap frozen, ground into powder, and re-suspended in ice-cold homogenization buffer (0.1 M Tris-HCl \[pH 7.5\], 10 mM EDTA, and 150 mM KCl with Roche complete mini protease inhibitor cocktail) solution. The cells were homogenized on ice with a Fisher Scientific PowerGen Model 125 homogenizer. The cells were centrifuged for 15 min at 12,000 × *g* at 4°C, and the pellet was re-suspended in ice-cold wash buffer (0.1 M Tris-HCl \[pH 7.5\] with 10 mM EDTA and Roche complete mini-protease inhibitor cocktail), homogenized on ice, and then centrifuged for 45 min at 105,000 × *g*. Finally, the pellet was re-suspended in 3 volumes of microsome buffer (0.05 M Tris-HCl \[pH 7.5\] with 10 mM EDTA, 20% glycerol, and Roche complete mini-protease inhibitor cocktail). The lysates were homogenized for a final time, aliquoted, flash frozen and stored at −80°C until analysis.

Human PiZZ Samples {#sec4.10}
------------------

Human liver sections from healthy subjects and patients with Alpha-1 antitrypsin deficiency were procured from the National Disease Interchange (NDRI).

Radiolabeled GalNAc-siRNA Studies {#sec4.11}
---------------------------------

A GalNAc-siApoB conjugate was radiolabeled with ^125^I as previously described in Nair et al.[@bib9], and the cellular distribution studies were executed as previously described.[@bib51]
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